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Abstract 
This paper describes the first outcomes of a joined research project between Politecnico di Milano and Whirlpool Europe aimed 
at establishing a systematic industrial approach to anticipate technological demands and solutions to manufacture future 
household appliances, by taking into account emergence, performances and drawbacks of manufacturing technologies. This 
work adds new elements of analysis to the forecasting approach proposed by the authors in previous publications and updates its 
metric for classifying Evaluation Parameters with a detailed set of criteria to characterize the outcomes, the drawbacks and the 
main resources consumption of a generic industrial process. Such set allows a preliminary extraction of information from 
technical experts, with no specific TRIZ know- how, in order to ease the process of identifying the main barriers (in TRIZ 
terms, contradictions) limiting the development of current technologies and/or their substitution with new industrial processes. 
The original content of the paper is clarified by means of a case study related to an application of the methodology concerning the 
foaming process of domestic refrigerators. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The innovation of industrial processes constitutes a key issue for competition in many market sectors. As 
confirmed by the direct experience of the authors from the Process Technology R&D team of Whirlpool, 
different mechanisms drive this evolution: processes (i) can be changed as a consequence of the emerging 
needs for products with new features; (ii) can be influenced by strategic and/or organizational requirements; 
(iii) can follow natural and intrinsic technology development as depicted in Figure 1. Furthermore, it is widely 
recognized, e.g. by Value Engineering, that benefits and costs involved in a given industrial process must be 
balanced with a good ratio in order to survive market competition. In other words, each process must efficiently 
 2015 The Authors. Published by Elsevi r Ltd. This is an open access article under the CC BY-NC-ND license 
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exploit available resources at full extent in order to produce the outcomes it has been designed for. Otherwise 
industries should revise their strategies in order to keep their market share, focusing their attention on 
appropriate new technologies to substitute the ones they use in their manufacturing lines. 
 
Figure 1: Three dimensional space of research for new processes 
Porter in [1] recognizes “technological innovations, shifts in relative cost relationships, emergence of new 
consumer needs, or other economic and sociological changes” as key features to be identified in order to 
have a competitive strategy. Thus, overcoming bottlenecks related to manufacturing process produces a 
competitive advantage due to the prompt identification of new productivity requirements as well as needs of 
performance enhancement. Besides, technical solutions capable to satisfy these new needs require knowledge 
of experts from different domain expertise. Within this context, both private and public organizations should 
define their strategies by selecting the most promising technologies to direct their future investments. Dynamics 
and complexity of market, together with a scarce amount of information about technological and industrial 
developments taking place, produce forecasts of great uncertainty [2]. Thus, the analysis of emerging 
technologies and their potential impact on markets, economies and societies requires reliable and repeatable 
methods and tools since the related information plays a critical role for decisions making. 
In this context, Business Process Re-engineering (BPR), and Total Quality Management (TQM) inspired 
more than fifty methodologies capable to address, respectively, the redesigning and innovation of 
business or manufacturing systems and, on the other hand, the management of system costs according to quality 
issues. 
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Nevertheless, all these techniques suffer from several weaknesses such as limited accuracy on middle and 
long-term forecast; poor repeatability; poor adaptability, i.e. no universal methods are known, besides 
complementary instruments must be integrated according to the specific goal and data availability. 
The abovementioned considerations constitute the basis on which Politecnico di Milano and Whirlpool Europe 
joined a research program aimed at the definition of a structured TRIZ-based method capable to support 
strategic decisions in industrial R&D activities, by managing the multi-disciplinary complexity of current systems 
and by anticipating the future characteristics of products and processes. According to this aim, the second chapter 
briefly presents contributions already available in scientific literature and clarifies the specific objectives of the 
original contribution proposed in this paper. Chapter 3 presents such methodological development which, in turn, 
consists of an original set of reference criteria to elicit knowledge from experts in a repeatable way and to 
describe the main characteristics of a technology in details during the preliminary screening of the whole 
industrial process. The fourth chapter clarifies the proposed contribution through an exemplary application to an 
industrial case study about the foaming of domestic refrigerators. Chapter 5 discusses the result of the 
application and brings the concluding remarks. 
Nomenclature 
BPR   Business Process Re-engineering 
EMS  Energy – Material – Signal  
EP Evaluation Parameter 
FBS  Function – Behavior - Structure  
HF Harmful Function 
MTS Minimal Technical System  
NoC  Network of Contradictions  
RC Resources Consumptions  
R&D  Research and Development  
TQM  Total Quality Management  
TS Technical System 
UF Useful Function 
2. Brief overview of context literature 
In order to clarify the context in which the present work is collocated, it is necessary to share a 
common vision on what is here considered as a process. Davenport's [3] definition of process as 
"structured, measured sets of activities designed to produce a specified output for a particular customer or 
market" obtained a great consensus in the scientific community, since alternative definitions don't 
substantially modify its meaning. Moreover, it's worth to consider that, according to the perspective of process 
re-engineering and quality management oriented at customer satisfaction, a process is "a collection of 
activities that takes one or more kinds of input and creates an output that is of value to the customer" [4]. Yet, 
according to the authors of the present paper, the integration of a TRIZ approach that takes into account the 
limitation of available resource and technological barriers, must consider a slightly different definition proposed 
in [5]: a process is "a structured measured set of activities and flows that use necessary resources to provide 
specified product or service for a particular customer". 
Scientific literature is rich of contributions about BPR/TQM-based methods as means for providing benefits 
for manufacturing industries that want to compete on the global market by enhancing their capabilities in 
terms of cost, quality, service, and speed [4]. A brief review of such methods, which is out of the scope of this 
paper, is presented in [6]. Besides, it's worth to examine the main features these methods have in common in 
order to highlight related strength and weakness, especially with reference to the identification of technological 
substitutions. 
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To this end, it's necessary to underline that BPR/TQM approaches rely on the full understanding of process 
characteristics as key concept for a successful system. Process modeling constitutes the main instrument to 
fulfill such purpose [5]. Indeed, several evidences demonstrate that the formalization of processes by means 
of appropriate models offers a simple and almost complete picture of what is necessary to deliver, at 
least at a functional level, in order to produce the desired outcomes [7]. Furthermore, the detailed 
description of industrial processes through models is widely considered a meaningful instrument to verify if 
experts in different field of knowledge agree on the critical information gathered about the system under analysis 
and on the identification of potential customer requirements [8]. On the other hand, there are many critiques 
about the trend of using TQM methods just under the umbrella of lean manufacturing for cost and time 
reduction. Indeed, industrial problems regarding performance improvement in terms of both product features 
and process results cannot be easily faced by means of this approach. Some authors clearly stigmatize BPR 
approaches that just focus on the same objective of TQM: Hall et al. in [9] pointed out that the success of a 
BPR initiative is due to the redesign of business processes whose value is directly perceived by customers. 
Besides, the percentage of unsuccessful BPR actions with traditional cost and time oriented techniques, has 
been estimated   quite high, e.g. about 60-80% according to [10]. 
On the other hand, there are several examples of how these methods are correctly addressed at 
providing efficiency improvements, cost reductions, improved customer satisfaction, and ultimately, higher 
profits. Yet such process management activity rely on changes of just incremental nature, as in [11,12] without 
providing prescriptive rules to drive the change towards breakthrough innovations. 
Benner et al. in [12] show the need of introducing some means that allow the process management to start 
dealing with technological innovation. However, its perspective on the dynamic evolution of industrial 
processes is just taken into account by using specific prepositions that describe trends in process management and 
link them to typical innovation outcomes. Even strong modeling techniques, as the one presented in [8], are just 
aimed at the definition of an AS-IS representation of the process in order to ease the definition of a TO-BE 
model capable of reducing costs and increasing performances. In other words, evolutionary characteristics are 
completely absent, and no attention is given to future requirements and technological barriers preventing 
technology shifts. In substance, in the production process R&D domain, there is lack of methodological 
proposals to take into account the opportunities constituted by emerging technologies or by the adoption of 
well-established technologies commonly used in different fields of application. 
Many forecasting approaches tried to address such issue, in order to provide reliable list of priorities for 
R&D offices of private and public institutions. Kucharavy et al. in [13] add that, from different points of view, 
technological forecast is also required: 
x to identify correct problems in fuzzy situations in technological contexts; 
x to ease the adaptation of institution to changes due to emerging technologies and new scientific discoveries in 
social contexts; 
x to efficiently manage intellectual property and extend technological competitiveness of product process and 
services in business context. 
Then, in opposition to common BPR approaches, technological forecast should be capable to identify future 
technology developments and their interaction with society in a reliable manner. Among forecasting 
requirements of utmost importance, it is necessary to mention the ease of usage. Indeed, knowledge and 
information from different domains of science and technique should be gathered and organized by 
methodological experts that must invest the greatest efforts in verifying their consistency (e.g. by having 
consensus among experts) and making them available for decision making, as depicted in [14]. Credible 
knowledge, in fact, is crucial for determining directions of development for future technologies and assessing 
future needs. 
In [15] it is underlined that repeatability, reliability, accuracy and efficiency are still open issues in the field of 
technological forecast; however, the definition of technological barriers (contradiction, in TRIZ terms) is one of 
the key to achieve such goals. 
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The authors of the present paper agree with the vision of Kucharavy et al., since structuring knowledge in the 
shape of a Network of Contradiction (NoC) is a powerful way both to remove biases among the working team, 
to disclose non obvious problems and to combine problems that, at first glance, may appear as separate. 
Such NoC represents an overall and connected view of technological barriers that prevent the simple and 
immediate evolution of the analyzed process (or product), e.g. by solving problems in existing 
technologies or by transferring technologies from different industrial fields. 
Common practice shows that it is necessary to rely on experts' competences to produce worthy results in such 
activities. Expert consensus about future science and technologies seems also to be one of the keys to answer 
the above mentioned issues and to produce a valuable forecast. In this context, methodological expert should 
drive the activity of knowledge gathering in order to properly determine the nodes and then to link them in a 
consistent network. 
Then, the specific objective of this paper is to identify a set of reference criteria suitable for eliciting the 
Evaluation Parameters (EPs) [16] that describe the needs and the outcomes of an industrial process and of its 
phases. Such criteria play a relevant role in the extraction of knowledge from experts during the preliminary 
phases of the industrial process examination and may constitute the basis for a deeper analysis whose 
purpose is a technological forecasting activity or problem solving as well. According to the well-known 
definition of Ideality according to TRIZ, such EPs are also aimed at describing the emergence or the 
presence of undesired effect and resources consumptions needed for system functioning. At last, this set of 
parameters is specifically aimed at formalizing knowledge of subject- matter experts, with minimal support of 
a methodological facilitator. 
3. Reference set of criteria for the assessment of technology capabilities 
The original set of criteria here proposed for performing a technological assessment of an industrial process 
is just a module to be integrated into a more general approach to technology forecasting proposed by the 
authors. The complete description of the method is available in [17], while Becattini et. al presented a 
preliminary classification of Evaluation Parameters in [18]. For the purpose of this paper it is worth to 
summarize just the main steps of the modeling phase, viable to the definition of the functions delivered along 
the manufacturing process. Reference models are referenced along the steps of modeling, excepting for the 
Function-Behavior-Structure (FBS) model [19] (adopted to distinguish between the Function of a Technical 
System (TS), i.e. the motivation of its existence, its Behaviour, i.e. the way the function is delivered according 
to the Laws of Nature, and the Structure, a combination of entities, attributes of these entities and relations 
among them, which determine the Behaviour of the TS), on which the whole analysis is grounded. The 
relationships between the reference models used within this activity are depicted in Figure 2. 
Thus, the main steps of the modelling phase follow: 
1. The TS is modelled through EMS boxes [20] and decomposed into elementary functions until each 
functional unit can be described in terms of flows and actions belonging to the reference list proposed in 
[21]. 
2. Then the Behaviour of each elementary function is represented by means of the TRIZ model of 
Minimal Technical System [22] as follows: 
a. identify the Product, i.e. the object of the function which determines a transformation of the input flow 
into the output; 
b. identify the Tool, i.e. the element which acts directly on the Product; 
c. determine which properties characterize the Tool’s capability to deliver the function to the Product; 
d. for each of the properties defined at step 2c, identify the “Engine” from where the properties derives; 
e. complete the model of the minimal technical system, by adding the transmission from the Engine to 
the Tool, the control and its interactions with the other subsystems and the external supply of the 
engine. 
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3. Once that the available Behaviours have been modelled for each elementary function, a Su-Field 
model related to the interaction of Tool-Product elements of the MTS model is added. 
 
Figure 2: Relationship between the EMS model characterizing flows and functions, the Minimal Technical System and the framework Function-
Behaviour-Structure. Central images show further details clarifying the relationships. 
4. Identify the EPs defining the performance of each elementary function of the TS modelled at step 1. 
5. Identify further EPs related to the harmful functions and the resources consumption of each Behavioural 
Models built at step 2. 
The EPs identified during steps 4 and 5 have to be organized according to the key concepts underlying the 
Law of Ideality Increase (Laws of Engineering Systems Evolution #4) [22], as proposed in [18]: EPs related to 
the delivery of a Useful Function (UF), to the presence of a Harmful Function (UF) and to reasons 
underlying cost to be sustained for Resources Consumptions (RC). The detailed classification of each category 
is the original contribution of this paper. 
3.1. Evaluation Parameters related to the delivery of a Useful Function 
These parameters have been preliminarily classified according to five categories as described in Table 1, in 
order to take into account different characteristics related to the delivery of a UF. Both the concepts of 
Adaptability and Controllability, despite their common use in Control Theory, should be considered as described 
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in the Table 1. Examples in the field of “cleaning clothes” are given in order to ease the comprehension of 
this kind of Evaluation Parameters. 
Table 1: Set of parameters describing the delivery of a Useful Function (UF) 
Ta
rg
et
 N
ee
d 
C
ha
ra
ct
er
is
tic
s Popularity of the need(s): Each need can be expressed by means of target values for one or more types of flow. Then, each 
desired flow has a characteristic value that describes the threshold to be achieved in order to allow the desired satisfaction. In 
Figure 2, an apex “T” characterizes such flows. Thus, these parameters (one for each need satisfied by the function) relate to the 
share of population interested in the fulfilment of a specific need with specific values. (e.g.: for the function “to clean clothes” it 
examines what part of the considered population have such need) 
Urgency of the need(s): relate to the urgency level of the needs. Parameters of this kind are intended to describe the importance 
of a certain function as a means to produce a desired result that is critical for survival (of an individual, as well as an industry,…). 
More important the request of fulfilment of a need, greater is the urgency level. (e.g.: for the function “to clean clothes” it 
assesses the urgency of wearing clean clothes) 
Th
re
sh
ol
d 
 A
ch
ie
ve
m
en
t 
Quality of the product: Each function changes or stabilizes at least one of the features of a given object in order to transform it in 
a desired product. The parameter “quality of the product” is thus meant to describe the capability of the system to deliver the 
function as requested in terms of quality. In other words this parameter is intended to assess “how well” the function produces its 
results in reference to the desired outcomes. (e.g.: the amount of residual stains, odours, pathogens on clothes after a washing 
cycle as well as the kind of stains that can or cannot be removed…) 
Quantity of the product: Each function has the capability to transform the object of the function itself in the desired product. 
Thus, this parameter assesses the quantity of this transformation in terms of maximum theoretical productivity of the existing 
technical system (e.g.: pcs/hour). While the parameter related to quality wants to assess “how well” the function is carried out, 
this parameter wants to estimate “how much” quantity of the object gets transformed into the product. (e.g: the amount of clothes 
that a washing machine can treat at a time with a washing cycle) 
A
da
pt
ab
ili
ty
 
Versatility: Takes into account some of the variations of the working condition under which the technical system carries out the 
function. In detail, it focuses on the capability of the system to produce standard outputs regardless the input object has been 
willingly changed in some of its properties. Thus, this parameter describes the capability of the system to work with different 
objects according to various exigencies, producing outputs of standard quantity/quality. (e.g. the capability of a washing machine 
to carry out cycles with different kind of textiles such as wool, cotton, …) 
Robustness: Takes into account some of the variations of the working condition under which the technical system carries out the 
function. It deals with the capability of the system of producing standard outputs even if the input flow (the object) has non-
standard characteristics due to unpredictable fluctuations in the batch to be treated. This parameter describes the capability of the 
system to work with different inputs, producing outputs of standard quantity/quality. (e.g. the capability of a washing machine to 
carry out a cycle with clothes of different dimension, such as tablecloths and napkins, or with a different kind of decoration, such 
as printed or embroidered,…) 
Se
ns
iti
vi
ty
 
Sensitivity to external perturbations (quantity): Describe how external perturbations may affect the outcomes of the function. In 
detail, it is aimed at measuring how much changes in system surroundings may affect the quantity of flow that the function 
processes with success in order to obtain the desired product. In order to make this evaluation/assessment it is necessary to 
consider non-changing characteristics of the input flow. (e.g.: the capability to wash the same amount of clothes regardless of 
particular external perturbations that may alter the working conditions) 
Sensitivity to external perturbations (quality): Describes how external perturbations may affect the outcomes of the function. In 
detail, it is aimed at measuring how much the changes in system surroundings may affect the quality of outcoming flows 
processes with success by the function in order to obtain the desired characteristics of the product (since it changes at least one 
of its parameters). In order to make this evaluation/assessment it’s necessary to consider non- changing characteristics of the 
input flow (e.g. the capability of a washing machine to keep the required washing temperature regardless the external 
condition in order to remove the same amount or kind of stains) 
C
on
tro
lla
bi
lit
y 
Controllability of quality: Aimed at evaluating the capability of the system to be set and regulated according to specific rules 
and values in order to obtain a product with given characteristics. Thus, it deals with the opportunity to control the system in 
order to produce a particular result. It should be evaluated by considering non-changing characteristics of the input flow. This 
parameter can be split in more detailed parameters, one per each feature of the product of the function. (e.g: the capability of a 
washing machine to be set in order to clean clothes obtaining different characteristics at the end of the process, such as setting 
the spinning speed or cycle temperature) 
Controllability of quantity: Aimed at evaluating the capability of the system, to be set and regulated according to specific rules 
and values in order to obtain a given quantity of the product. Thus, also this parameter deals with the opportunity to control the 
system in order to produce a particular result. It should be evaluated by considering non- changing characteristics of the input 
flow. (e.g: the capability of a washing machine to be set in order to carry out a washing cycle with a full load or half load) 
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3.2. Evaluation Parameters related to the delivery of a Harmful Function 
The presence of HFs doesn’t depend on the transformation from Object to Product, but entails the sphere of 
“how” the function is delivered; thus, it relates to the chosen Behavior of the function. It means that it’s almost 
impossible to classify in a unique way these parameters, then the authors suggest a preliminary classification 
according to the potential interaction between the elements of the model, that may be declined in different 
ways depending on the technology under analysis. Thus, the parameters collected in Table 2 are just some 
examples that may occur more frequently, even if they can be considered as meaningful representative of 
the proposed categorization. An example in the field of clothes cleaning is given where appropriate. 
Table 2: Exemplary set of parameters describing Harmful Function 
H
F 
Sy
st
em
 v
s.
 
O
bj
ec
t o
r P
ro
du
ct
 Object integrity: Refers to the potential emergence of undesired effects due to the function delivered by technical system on the 
structure of the object that has to be transformed into the product. Thus, this parameter is meant to assess the undesired effects that 
may completely spoil the integrity object and fatally compromise the product of the function. This parameter can be split in more 
detailed parameters, one per each spoiled feature. (e.g. presence of clothes whose textile gets spoiled by the drum or whose colour gets 
contaminated by other clothes)
Product Wastes: Deals with the undesired part of the object that is not transformed as desired by the function, thus it is related to 
the presence of debris or waste resulting e.g. from metalworking operations. This parameter can be split in more detailed 
parameters, one per each specific kind of waste. (not applicable to the function “to clean clothes” by means of a washing machine). 
H
F 
En
vi
ro
nm
en
t  v
s.
 O
bj
ec
t 
or
Pr
od
uc
t Sensitivity to critical External Conditions: Relates to external condition, as the one already mentioned in the section about 
parameters related to the delivery of a useful function. Even in this case the parameter is meant to assess the sensitivity to perturbation 
in the environment as well as to critical condition. Differently from what concerns the above-mentioned parameter, this one deals 
with all the features that are not related to the delivery of the useful function, thus it’s worth to detail this parameter by taking into 
consideration the features of the object that are not involved in the Main Useful Function delivery.
H
F 
O
bj
ec
t v
s 
Sy
st
em
 
Mechanical resistance: Aimed at estimating the capability of the technical system to bear the load due to the stresses produced by a 
specific counter-action of the object of the function before, after and during its delivery as well. This parameter can be further detailed 
by taking into consideration phenomena such as deformation and fatigue resistance. (e.g. resistance of the drum dampers) 
Wear resistance: Relates to the action that the object of the function delivers in an undesired way on the system itself by means of a 
physical action. Impacts of particles, as well as friction, are often causes of abrasive or erosive wear. (e.g. resistance of the drum 
bearings) 
H
F 
Sy
st
em
 
Reliability: Refers to the occurrence of system failures. It is meant to assess the importance of failures in the system. Nevertheless 
this evaluation doesn’t have to take into account the amount of the time spent to fix the system, since it will be evaluated by means of 
a different parameter, but exclusively the negative consequences of system failures. (e.g.: importance of a non-working detergent 
dispenser) 
Expected life of the system: Intended to evaluate the capability of the system to keep its integrity and capabilities of function 
delivery along time. Almost all the technical systems have a useful amount of time before the greatest part of its components abruptly 
start to age and failures appear at a great extent. (e.g.: duration of the whole appliance) 
H
F 
En
vi
ro
nm
en
t 
vs
. S
ys
te
m
 
Corrosion resistance: This parameter, sometimes, may be partially or completely synergic with phenomena due to the undesired 
actions of the Object onto the system; it takes into account the potential damages due to the action of agents (usually coming from the 
environment, but they may also pertain to the object of the function) that may alter the chemical composition of parts of the technical 
system. 
Resistance to critical external condition: May include the EP previously examined. It allows to describe all the other mechanisms 
of damage emerging in the technical system due to certain critical values of external condition such as the loss of colours by clothes 
under the action of UV radiation coming from sunrays. (e.g.: capability to resist to limescale deposition on the ohmic heater) 
H
F 
Sy
st
em
 v
s.
 E
nv
iro
nm
en
t 
Noise production: Deals with the estimation of the noise produced by the technical system during the function delivery. Sometimes 
noise can be considered as a desired product; nevertheless this parameter wants to focus on all the undesired noise such as specific 
undesired frequencies. (e.g. presence of noise during water removal by spinning) 
Heat discharged towards the environment: Focuses on the amount of heat released towards the environment since it may contribute 
to the global warming phenomenon. It can be further detailed by taking into account direct effects due to heat discharge (e.g. a 
condenser of a steam-based power plant) and also due to indirect action of function by-products (such as the amount of carbon 
dioxide released towards the atmosphere). (e.g. the heat discharged with drained water) 
Environment Pollution: Evaluates the effects on the environment of the pollution due to the function delivery by the technical system. 
Each undesired agent, that may constitute harm for the environment, goes under this class. Heat and noise, as seen before, are 
evaluated by means of specific parameters and don’t have to be considered among these effects. (e.g.: the effects of wastewater on 
streamlines) 
User Safety: This parameter takes into account the presence of potential severe harms for the user, if any, of the technical system. 
(e.g. potential harmfulness of the glass window in the washing machine door because of its temperature) 
Comfort and ergonomics: Even if this parameter, from a certain point of view, is strongly related to user safety, it focuses on the 
capability of the system to be used without bothering anyone, producing significant pain for the body or long term illness due to wrong 
postures. (e.g.: comfort for loading; impose uncomfortable postures to the users) 
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H
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r 
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s.
 
En
vi
ro
nm
en
t Pollution of product wastes: As mentioned before for what concerns the technical system, it is worth to take into account the 
potential harms for the environment due to the action of product wastes. Thus, this parameter is meant to assess if product wastes may 
generate some undesired consequences and can be further detailed by specifying what characteristic of the environment can be 
compromised and/or what agent causes such effect. (e.g.: presence in drained water of small plastic pieces torn away from clothes 
during spinning) 
 
3.3. Evaluation Parameters related to Resources Consumptions 
The RC should be assessed by taking into account the whole product lifecycle, starting from the 
manufacturing phase and ending with the dismissal/dismantling phase. Furthermore, the resources 
consumed by each process phase, i.e. by each function delivered during the process, should be clustered into 
five different categories. Each process phase may exploit resources from the system itself or its components 
and from the Super-system (system surroundings) as well. The classification of resources proposed in Table 3 
has been chosen in accordance to typical TRIZ classifications (Space, Time, Information, Material and 
Energy). An example in the field of clothes cleaning is given where appropriate; some parameters are self-
explicative. 
Table 3: Set of parameters describing the consumption of resources along the whole lifecycle of a technology 
Sp
ac
e 
Accessibility: Related to the quantity of space required to allow the users to approach the technical system without encountering 
obstacles and to properly interact with it during function delivery. (e.g.: room required for loading) 
Encumbrance: Relates on the space required by the simple presence of the technical system. (e.g.: room taken up by the appliance) 
Storability: Deals with the space required to store the system and the product under investigation in a place where they are just collected 
before their employment somewhere else. It can be also detailed by taking into exam the space required to temporarily place the product 
of the function. 
Space required for installation: Aimed at assessing the required amount of space to install the technical system and the auxiliary ones. 
(e.g. room required to connect the appliance to water pipes and electrical grid) 
Space required for dismantling: Evaluates the amount of space needed in order to allow access to workers that have to disassembly the 
technical system and, of course, the amount of space that the technical takes up by itself. (e.g.: see above) 
Ti
m
e 
Quickness in function delivery: Measures the time required to carry out the function. In other words it takes into account the amount of 
time required in order to modify the object of the function into the product. (e.g.: duration of a washing cycle) 
Time for maintenance/failure fixing: Assesses the time that is usually required in order to bring back to full functionality the technical 
system after a failure or a common intervention of maintenance. It may also be detailed by considering different failures as well as their 
frequency (e.g.: duration of maintenance interventions) 
Number of processes/treatments required for obtaining the product: Focuses on the product of the function. It is meant to assess the 
amount of time required to obtain a certain product by means of more than one processing phase of the same function. (e.g.: number of 
rinsing cycles) 
Time for dismantling: Whenever a technical system ends its useful life, it is required to dismantle it in order to free the required space 
for its replacement. This parameter is meant to assess such amount of time. (e.g.: time required to disconnect the appliance from water 
supply and electric grid) 
Time for assembly: Whenever the technical system requires an initial installation in a specific location it is necessary to spend some 
time in order to prepare it for working. This parameter is meant to assess such amount of time. (e.g.: time required for connecting the 
appliance to water supply and electric grid) 
Availability: Refers to the amount of time to be waited before the technical system is ready to deliver its function. Moreover, it can be 
further detailed by distinguishing among the time to be waited for one specific technical system and for the whole equipment delivering 
the function, thus taking into account system redundancy and similar choices. (e.g.: the time required to heat water to the desired level) 
In
fo
rm
at
io
n 
User awareness: Estimates the amount of information that the user of the technical system should possess before the system starts to 
function in order to understand what is the mechanism of that function (e.g. vocational seminars,…). (e.g.: user awareness about the kind 
of textile to be treated, in order to choose the right washing cycle) 
Competence of maintainers: Expresses the amount of information required that each maintainer should have in order to fix the flaws of 
the system that may emerge after or during use. 
Ease of use: Deals with the amount of information that a common user must manage in order to correctly govern the function delivery 
Ease of installation: Refers to the amount of information required to put together all the parts that contribute to the function delivery. 
Ease of disassembly: Refers to the amount of information needed to separate components of the technical system once it is going to be 
replaced by a new one. 
Ease of upgradability: Concerns the information required in order to change some subsystems or to improve the existing ones by means 
of new features. 
Complexity (variety of parts,…): Takes into account the complexity of the technical system, thus considering the amount and the variety 
of system parts as well as the mutual connection they share. 
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M
at
er
ia
l 
Portability: Aimed at estimating the capability to easily move the technical system; nevertheless in this case it is important to take into 
account just the aspects related to physical quantity such as density since geometrical quantities have been taken into account with space 
resources. (e.g. the weight of the appliance) 
Required consumable/disposable material: Evaluates the amount of disposable material required for the function delivery (e.g. water for 
metal cutting). It can be further detailed according to the different types of needed material. (e.g.: amount of detergent required for 
hi )Independence from other product: Takes into account the capability of the system to work without requiring different material to be 
treated by auxiliary functions. Such parameters should be carefully examined whenever it’s required to make comparisons between 
competing technologies; in this case it is suggested to detail this parameter by specifying what products are necessary for function 
delivery. (e.g.: the need of using a detergent or a fabric conditioner) 
Reusability of items: Takes into account the capability of the technical system to work by means of already used items. It can be further 
detailed according to the nature of the item to be reused. (e.g. the capability to reuse cleaning agents, such as the chips of the Xeros ltd. 
washing machine) 
Recyclability/Reusability of the whole system: Examines the capability of the whole technical system to be directly reused or 
reprocessed in order to be recycled. 
En
er
gy
 
Energy/Power required for working: Takes into account the overall amount of energy required to complete the transformation between 
object and product. Thus it is required to take into consideration the energy specifically required for the main useful function and the 
amount needed by the auxiliary function. It can be expressed both in terms of energy and power. (e.g.: energy needed for a washing cycle) 
Dependency on a certain type of energy: Describes the different types of energy that are required by the technical system in order to 
deliver the main useful function and auxiliary functions. If the system doesn’t require any specific type of energy the parameter can be 
considered “as-is”, else it can be detailed by expressing the type of energy required on which it is possible to make quantitative estimation 
(whose results should be consistent with the above-mentioned parameter) (e.g.: capability to use hot water coming from solar panels or 
boilers rather than heated by ohmic devices) 
Number of energy transformation: Deals with all the different energy conversions that take places in the boundaries of the technical 
system, also by taking into consideration the transformations that occur in auxiliary systems. 
Efficiency: Specifies the results of the energy transformations; focusing on “how well” such transformation is carried out. It can be 
further detailed by considering the overall efficiency and the efficiencies of each energy conversion. 
Number of workers: Describes the amount of manpower required in order to carry out the function. It can be further detailed whenever 
the workers play different roles in the function delivery. 
 
The assessment of the degree of satisfaction or dissatisfaction related to the process phase of the 
manufacturing process under analysis should be carried out by assuming a reference scale compatible with the 
accuracy and the completeness of the available information. Nevertheless, since these analyses are typically run 
to compare also the potential of emerging technologies, it is rarely possible to perform a detailed and 
quantitative assessment of the above-mentioned parameters. Therefore, it is suggested to adopt the following 
criteria. 
The degree of satisfaction/fulfilment for the parameters pertaining to the UFs (except for the ones related 
to the Target Need Characteristic) can be assessed through a range of values from 0 to 3 where: 
x 0 means that the EP is not satisfied at all; 
x 1 means that the EP is poorly satisfied; 
x 2 means that the EP is quite well satisfied; 
x 3 means that the EP is completely satisfied. 
The seriousness of the parameters pertaining to the effects of a HF or directly to a HF can be assessed using a 
range of values from 0 to 3, where: 
x 3 means that the HF or its effects are not critical; 
x 2 means that the HF or its effects are poorly critical; 
x 1 means that the HF or its effects are critical; 
x 0 means that the HF or its effects are heavily critical for the product/phase/process. 
The amount of resources that the process phase under analysis requires in order to deliver the Main Useful 
Function and all the related auxiliary functions, can be assessed using a range of values from 0 to 3, where: 
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x 3 means that the resource is not consumed during the process phase; 
x 2 means that the process phase requires small resources of that type; 
x 1 means that the process phase requires a significant amount of that type of resource; 
x 0 means that the resource is heavily used during that process phase. 
This evaluation has a double goal: on the one hand it is possible to prioritize the construction of the NoC, 
starting searching and linking the Control Parameters impacting on the EPs that holds the greatest importance 
for the analysis. In other words it is possible to start the complex and time-consuming activity of barriers 
identification by means of a repeatable criterion that highlights the contradiction to be faced with precedence. 
On the other hand, this assessment, when performed with different competing technologies, provides useful 
elements of knowledge to decision makers. Indeed, such assessments collect the most relevant information about 
single technologies, but technicians and experts may easily compare their outcomes by means of homogeneous 
EPs. 
The following chapter describes the activity carried out by means of the above-mentioned set of 
parameters in Whirlpool, on the manufacturing process for the foaming of domestic refrigerators. 
4. Description and assessment of a technological process, exemplary application 
Foaming of domestic refrigerators is a manufacturing process that requires several steps in order to produce a 
cabinet with the desired characteristics of thermal insulation. According to the modelling procedure described in 
Chapter 3, the industrial process is composed by the following functional phases: 
x Corona Treatment on a polystyrene sheet to improve the surface tension/energy of the sheet itself. 
x Moulding of the refrigerator cellar by means of a device that changes the shape of the polystyrene sheet. 
x Cutting of some parts of the cellar in order to refine its shape and make it suitable for the assembly. 
x Workers assemble refrigerator outer sides together with the rear wall in Coroplast. This assembly gets joined 
together with the polystyrene cellar in order to produce the cabinet of the refrigerator. 
x Pre-heating of the cabinet of the refrigerator 
x Placement into a metal structure that provides mechanical resistance to deformation due to polyurethane 
expansion. 
x Mixing of the diisocyanate (MDI: Methylene diphenyl diisocyanate) and the pre-mixed blend of the polyol 
with the blowing agent 
x Injection of the mixture, not yet expanded, inside the cavity of the cabinet 
x Expansion of the mixture inside the cabinet by means of the evaporation of the blowing agent 
x Polyurethane polymerization with small closed cells having the desired characteristics in terms of density and 
dimensions in order to provide the desired thermal insulation. 
The overall EMS model describing the result of the whole manufacturing process is shown in Figure 3. Energy 
flows are not represented since the EMS model, according to the rules discussed in [1], should just embed 
desired flows, considering real flows just at the behavioural level.  
 
 
Figure 3: The EMS model describing the ideal transformation required to produce the cabinet of a refrigerator with thermal insulation 
properties 
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All the above mentioned phases have been examined and assessed according to the criteria proposed in 
Chapter 3, by defining a proper set of EPs; due to the paper space limitations, but also to confidentiality issues, 
it is possible to just describe the assessment of the pre-heating phase by adding brief examples of specific EPs. 
This phase is aimed at increasing the temperature of the cabinet and it is delivered by means of 
convection ovens. They use ohmic heater in order to convert electrical energy into heat. Such heat is 
diffused more efficiently inside the oven cavity by means of a forced airflow in order to increase heat 
transfer, thus reducing the time required to deliver this phase. Figure 4 collects all the models required by the 
steps of the procedure described in Chapter 3. 
Figure 3 also clarifies the required transformation from Object (assembled cabinet) to Product (Heated 
assembled cabinet). To this end, it is worth to mention that the EPs concerning the delivery of the Useful 
Function have been examined considering how the function “Heating” carried out in this way is capable to 
achieve the desired characteristics. EPs concerning the presence of HFs and the consumptions of resources 
have been identified and assessed by taking into account the specific Behaviour of the Function, then considering 
the two MTS model. 
 
 
Figure 4: Pre-heating modelling; flows and function according to EMS model and related NIST functional basis. Behaviour of the function 
described by means of two MTS models, one per each property of the tool. 
Table 4 summarizes the set of EPs together with their degree of satisfaction according to the metrics of 
judgment proposed in the methodological section. In the cases where the satisfaction assessment was not 
relevant to this case study, it is explicitly reported in the table. 
The experience led in Whirlpool allows to estimate the amount of time required for the determination of the 
whole set of EPs for each phase of the manufacturing process and the related assessment. For the exemplary 
process phase illustrated in this paragraph further consideration can be done about specific significance, but 
10 UF, 8 HF and 25 RC parameters respectively were identified as relevant (or potentially relevant) for 
the present study. It is worth to highlight that about 30% of them emerged just by means of the explicit questions 
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26   Niccolò Becattini et al. /  Procedia Engineering  131 ( 2015 )  14 – 29 
associated to the proposed list of reference criteria, while the company’s experts were not typically considering 
them in technological comparisons. 
Table 4: Set of parameters declined for the preheating phase of the whole foaming process, together with their satisfaction assessment. 
Type of  Parameter    Evaluation Parameter   Parameter assessment [0;3] 
U
se
fu
l F
un
ct
io
n 
Popularity of the need (number of different cabinet models to be heated before foaming) 3 
Urgency of the need (urgency of this phase for obtaining the desired product at the end of the whole process) 3 
Quality of the object (Temperature of the heated cabinet) 2 
Quantity of the object (#Cabinet/hours) 2 
Versatility (Capability to treat different cabinet models) 2 
Robustness (Capability to produce uniform results) 2 
Sensitivity to external perturbations (quantity) (Outer temperature effects on the numbers of cabinet treated in a hour) 2 
Sensitivity to external perturbations (quality) (Capability to keep the value of temperature once achieved) 2 
Controllability of quality (Capability to set different temperatures for heating) 1 
Controllability of quantity (Capability to treat more than a cabinet at a time) 0 
H
ar
m
fu
l F
un
ct
io
n 
Object integrity (Capability to keep the cabinet shape without deformations) 3 
Product Wastes (not applicable) 3 
Sensitivity to critical external conditions (not applicable) 3 
Mechanical resistance (not applicable) 3 
Wear resistance (Wear of joints in inlet/outlet ports) 3 
Reliability (Capability to keep warm blown air inside the oven cavity without losses) 3 
Expected life of the system 3 
Corrosion resistance (not applicable) 3 
Resistance to critical external condition (not applicable) 3 
Noise production (Noise produced by air blowers) 2 
Environment Pollution (not applicable) 3 
Heat discharged towards the environment (Heat discharged in the production site) 2 
Comfort and ergonomics (Degree of automation/user involvement) 3 
User Safety (Safety of workers that follow the cabinet on the production line) 3 
Pollution of product wastes (not applicable) 3 
R
es
ou
rc
es
 C
on
su
m
pt
io
ns
 
Accessibility (For workers) 3 
Encumbrance (Of the whole heating device) 1 
Storability  (not applicable) 3 
Space required for installation (Of the heating device) 2 
Space required for dismantling (Of the heating device) 2 
Time for maintenance/failure fixing (Of the heating device) 2 
Quickness in function delivery (Time required to heat a single cabinet) 0 
Number of processes/treatments required to produce the product (Number of heating processes required to achieved the 
desired temperature) 
2 
Time for assembly (Of the heating device) 3 
Time for dismantling (Of the heating device) 3 
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Availability (Of the heating device) 2 
User awareness (In order to make the device work) 3 
Competence of maintainers (In order to fix the device, when necessary) 2 
Ease of use (Of the heating device) 2 
Ease of installation (Of the heating device) 2 
Ease of disassembly (Of the heating device) 2 
Ease of upgradability (Of the heating device) 2 
Complexity (Variety of parts of the heating device) 2 
Portability (Capability to move the device in different zones of the production site) 1 
Required consumable/disposable material (not applicable) 3 
Reusability of items (Of the heating device) 0 
Independence from other product (not applicable) 3 
Recyclability/Reusability (of the heating device) 1 
Number of workers involved (In the preheating phase) 3 
Energy/Power required for working (Of the preheating device) 0 
Dependency on a certain type of energy (Dependence on electric energy by the heating device) 0 
Number of energy transformation (Carried out by the heating device in order to produce a heated cabinet) 2 
Efficiency (Ratio between energy transferred to the heated cabinet and the whole amount of energy required for heating) 1 
 
The application conducted in Whirlpool Europe showed that a mean of three to four working hours are 
necessary to carry out a complete analysis pertaining to each phase (thus to each basic function according to the 
NIST Functional Basis) included in the process. Downwards the complete analysis for the entire model, these 
sets of parameters allow to build a NoC capable to link the outcomes of a specific process phase to the overall 
goal of the manufacturing process. The related assessment also allows to prioritize the examination or the search 
for useful information in order to plug gaps of knowledge, according to the specific degree of satisfaction of 
different outcomes. Furthermore, the NoC collects in itself all the technological and physical barriers that 
prevent the solution of problems related to the delivery of a specific process (or process phase), but, on the 
other hand, the knowledge there represented (as EPs) is suitable to identify keywords, or parts of them, capable 
to produce valuable results in the identification of potential candidates for technology substitution. Further 
applications have been conducted in different fields of application with and without the support of the 
criteria proposed in Chapter 3. Experts that analysed the technology without the support of the criteria were 
able to identify at most 50% of the relevant parameters, as depicted in Table 5. Later, an analysis driven by 
means of the proposed criteria, allowed the same experts to identify more EPs relevant to the same technology 
under investigation. It is worth to notice that the efficiency (as the ratio between the number of EPs and time to 
define them) of knowledge elicitation by exploiting the support of the criteria is slightly higher than without any 
support. 
Table 5: Result of an experiment conducted in order to verify the efficiency and the effectiveness of the proposed criteria 
 
Case study A Case study B Case Study C 
Number % Time Number % Time Number % Time 
EPs defined without 
support 13 28,26% 15 min 13 48,15% 45 min 16 51,61% 45 min 
EPs defined with the 
support of criteria 33 71,74% 30 min 14 51,85% 15 min 15 48,39% 15 min 
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5. Conclusions 
The novel proposal of this paper is to organize Evaluation Parameters according to a specific metric that 
embeds the main concepts of the Law of Ideality Increase. Such description of EPs allows to elicit knowledge 
from experts during the preliminary description of technologies involved in the phases of an industrial process. 
Elements of knowledge, organized in this shape, allow to perform useful analysis such as maturity assessments 
(as described in [2]), but also constitute the basis to build a NoC able to describe a complex problematic situation 
in a manufacturing process. The solution of the contradictions collected in a NoC can provide a technology shift 
or a technology substitution. 
It is also important to notice that this set of parameters demonstrate an active role in identifying the lacks of 
knowledge of experts as well as opportunities of development. Indeed, even when technical experts are 
asked to identify the degree of satisfaction for specific parameters included in Tables 2, 3 and 4, some 
difficulties emerge in formulating a proper description that fits the real outcomes of the process phase. On the 
other hand the specific definition of some EPs highlighted design choices to be discussed with experts in order 
to produce new opportunities for product development. 
At last, this set of EPs also allows to evidence problems that do not appear during preliminary analysis carried 
out by experts. A precise definition of the expected outcomes of UF, together with an accurate analysis of 
HFs and RC allows to plan strategies of intervention in order to allow the enterprise to hold or gain market share. 
The above-mentioned benefits of the proposed approach will be further validated through a more 
extensive application by the Process Technology R&D team of Whirlpool, in order to assess its efficiency and 
repeatability with respect to alternative studies carried out without any specific analysis guideline. 
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